HLA-B*5701 is the host factor most strongly associated with slow HIV-1 disease progression, although rates can vary within this group. Underlying mechanisms are not fully understood but likely involve both immunological and virological dynamics. The present study investigated HIV-1 in vivo evolution and epitope-specific CD8 ؉ T cell responses in six HLA-B*5701 patients who had not received antiretroviral treatment, monitored from early infection for up to 7 years. The subjects were classified as highrisk progressors (HRPs) or low-risk progressors (LRPs) based on baseline CD4
I
n the absence of highly active antiretroviral therapy, most HIVinfected individuals progress to AIDS within 10 years. However, a proportion of patients (5 to 15%) can remain clinically and/or immunologically stable for years without therapy (11, 54, 61, 70) . Among these are subjects who maintain high CD4 ϩ T cell counts for several years, with viremia usually ranging between 1,000 and 10,000 copies/ml (48) , although many of them still show progressively increasing viral load (VL) and declining CD4 ϩ T cell counts (24, 35, 58, 65) . It has been shown that the probability of progressing to AIDS for subjects with a baseline (i.e., within the first 6 months postinfection) VL around or less than 10,000 copies/ml is dependent on baseline CD4 ϩ T cell counts. Specifically, among patients with low plasma VL, those with baseline CD4 ϩ T cell counts of Ͻ750 cells/mm 3 are at significantly higher risk for progression to AIDS than those with CD4 ϩ T cell counts of Ͼ750 cells/mm 3 (45) . There is also a small subset of subjects (Ͻ1%), known as elite controllers (ECs) or long-term nonprogressors (LTNPs), who have either undetectable VL or who maintain CD4 ϩ T cell counts of Ͼ500 cells/mm 3 for more than 10 years and HIV-1 RNA levels below the detection limit of conventional assays (Ͻ50 copies/ml) (48) . A large proportion of LTNPs express the HLA class I allele B*5701 (48, 52) . How this specific allele is associated with slow disease progression remains incompletely understood.
Interplay between viral replication and host immunity drives emergence of viral escape mutants (32) through accumulation of nonsynonymous mutations within immunodominant epitopes, a process that effectively determines the course of HIV-1 disease (4, 42) . Escape mutations develop rapidly in HLA-B*5701-restricted epitopes in the acute phase of HIV-1 infection, even in individuals who achieve early control of viral replication (10) . Several epitopes presented by HLA-B*5701 are located in the HIV-1 Gag polyprotein, which includes highly conserved components of the virion's capsid. The role of Gag in virion structure makes it difficult for escape mutations to develop without negatively affecting viral fitness, which likely increases the effectiveness of immune responses targeting this polyprotein (8, 38, 44, 76) . There are four HLA-B*5701-restricted epitopes in Gag p24: ISW9 (termed Gag 147-155; HXB2 amino acid positions are used), KF11 (Gag 162-172), TW10 (Gag 240-249), and QW9 (Gag 308-316). Escape from ISW9-specific CD8 ϩ T cells is observed in the N-terminal flanking position (A146P/S), preventing cleavage to an optimal size for HLA binding (15) , and within the epitope at position I147L (15, 63) . The CD8 ϩ T cell response to the KF11 epitope is immunodominant during chronic infection (37) . In the TW10 epitope, which is immunodominant in primary infection, there is a well-known early escape mutation (T242N), observed in almost all HLA-B*57 individuals (10), which disrupts critical interactions with the host protein cyclophilin A (CypA; Gag 213-230), resulting in a 10-fold reduction in viral replicative capacity (7) . Two mutations within the QW9 epitope (S310T and E312D) have been described, although it is unclear whether they represent actual escape mutations (49, 55) .
The cytotoxic T lymphocyte (CTL) response has been associated with control of HIV-1 in HLA-B*5701 individuals. It has been shown that polyfunctional HIV-1-specific CD8 ϩ T cells in LTNPs/ECs maintain a high proliferative capacity that is coupled to increased interleukin-2 (IL-2) production (5, 12, 80) and preserved in HIV subjects with nonprogressive infections (50) . Furthermore, IL-2 secretion by CD8 ϩ T cells has been linked to enhanced viral suppression in chronic HIV-1 controllers (1). Importantly, neither T cell receptor diversity nor clonality of the CD8 ϩ T cell response differs among HLA-B*5701 individuals who progress versus those who show markedly slower progression or long-term nonprogression (46) .
A few studies have investigated viral diversity in HLA-B*5701 individuals in the context of epitope-specific CD8 ϩ T cell responses (3, 38, 49, 59, 75) . Most studies have focused on correlates of protection by analyzing immunological profiles of LTNPs/ECs, where viral evolution is difficult to detect. The present work examined, for the first time, six HLA-B*5701 subjects who had not been treated, who had diverse rates of progression, and who were monitored longitudinally from early infection up to 7 years with detectable VL during the course of infection but had different CD4 ϩ T cell counts at baseline. Detailed Gag p24 evolutionary patterns, as well as specificity and quality of the epitope-specific CD8 ϩ T cell responses, were characterized with a multidisciplinary approach employing high-resolution phylogenetic analysis and polychromatic flow cytometry. Subjects with higher baseline CD4 ϩ T cell counts were characterized by more robust polyfunctional CD8 ϩ T cell responses toward specific HLA-B*5701-restricted epitopes and lower rates of viral evolution. Therefore, the data indicate that a lower risk of AIDS progression in HLA-B*5701 subjects might be explained, at least in part, by host immune responses constraining HIV-1 evolutionary pathways.
MATERIALS AND METHODS
Subjects and specimens. Six HLA-B*5701 participants were selected from the San Francisco-based HIV-1-infected cohort OPTIONS at the University of California (29) and were monitored from early infection up to 7 years (Table 1) . Five of them were men who have sex with men (MSM), and one (P5) was an injecting drug user (IDU). Subjects P2 to P6 were treatment naïve, while P1 received antiretroviral treatment (ART) for 14 months (samples from the treatment period were excluded). Studies were performed on longitudinal plasma (stored at Ϫ80°C) and cryopreserved peripheral blood mononuclear cell (PBMC) samples (for details on the sampling scheme, see Fig. S1 in the supplemental material). For each subject, PBMC samples were studied from three time points. The sampling times were then classified within three different intervals, corresponding to the infection stage in estimated weeks postinfection (wpi): I 1 (Ͻ1 year; range, 13 to 39 wpi), I 2 (1 to 3 years; range, 109 to 157 wpi), and I 3 (Ͼ3 years; range, 195 to 377 wpi). In addition, CD4 ϩ T cell counts (cells/mm 3 ) and viral load (copies/ml) measurements were performed regularly during the course of infection. For each subject, the time since infection was estimated as the midpoint between reported negative and positive tests based on data from serologic tests (enzyme immunoassay [EIA], Western blotting, and less-sensitive EIA testing), HIV-1 RNA testing, and prior antibody testing history (20, 29, 30) . Less-sensitive EIA testing was carried out using a version based on the Vironostika HIV-1 EIA (Organon Teknika Corporation). Estimated dates for antibody-negative or indeterminate subjects were based on the incubation period. The University of California, San Francisco (UCSF), Committee on Human Research and the Regional Ethical Council in Stockholm, Sweden (2008/ 1099-31), approved this study, and all patients provided written informed consent.
RNA extraction, cDNA synthesis, and PCR amplification. RNA extraction, viral cDNA synthesis, and PCR amplification were performed according to a slightly modified version of a previously described protocol (39) . HIV-1 gag p24 sequences were amplified from viral cDNA by limiting-dilution digital nested PCR (single-genome sequencing) to prevent PCR resampling (33, 60) . Sequences were assembled with Sequencher software and edited manually.
Data set assembling and evolutionary analysis. Subject-specific alignments, available from the authors upon request, were obtained with BioEdit software (http://www.mbio.ncsu.edu/bioedit/bioedit.html), and the HIV-1 subtype was assessed for each subject (13) . A neighbor-joining phylogenetic tree was inferred for all sequences using MEGA5.0 (74) to exclude the possibility of contamination (see Fig. S2 in the supplemental material). Phylogenetic and recombination signals in each data set were investigated by likelihood mapping (71) and the PHI test-based algorithm (9, 68) , using TREE-PUZZLE (69) and SplitsTree (31), respectively. The best-fitting nucleotide substitution model was selected with a hierarchical likelihood ratio test (73) . Maximum likelihood (ML) trees were inferred with PhyML (28) and HIV-1 intrahost evolutionary rates were calculated with BEAST (17) , under either a strict or relaxed molecular clock model (16) , using the best-fitting demographic model for each data set (data not ϩ T cell count measurement. e Although P3 showed the slowest CD4 slope, the subject was still classified as HRP, since the subject also exhibited the lowest baseline CD4 ϩ T cell count, which remained, on average, at 400 cells/mm 3 during the study period.
shown). Positive selection was investigated by estimating the average number of synonymous and nonsynonymous substitutions, which were estimated with the Nei and Gojobori method (56) , and by comparing different ML codon substitution models (57, 72, 77, 78) implemented in the codeml program of the PAML package (79) . Full details on the evolutionary analysis are given in the supplemental material. Immunological analysis. To study CD8 ϩ T cell responses, a panel of autologous HLA-B*5701-restricted epitopes located in Gag p24 was identified based on the individual sequences for each patient. PBMC stimulation and intracellular cytokine staining was performed. Cells were stained for Vivid, CD8, CD3, CD4, gamma interferon (IFN-␥), interleukin-2 (IL-2), macrophage inflammatory protein 1␤ (MIP-1␤), and perforin. Flow cytometry analyses were performed on a standardized 8-color CantoII (BD Biosciences). A typical T cell gating was used to distinguish the CD8 ϩ T cell responses (see Fig. S4 in the supplemental material). Peptide-specific CD8 ϩ T cell responses were considered positive if the frequency of responding cells was more than twice the average negative background, and when background was high for a specific cytokine, different cytokines were plotted on x and y axes (64) . The Boolean gating principle was applied to create combinational events of IFN-␥, IL-2, MIP-1␤, and perforin to evaluate the functional diversities of epitope-specific CD8 ϩ T cell responses through SPICE (66) . Statistical analyses were performed using Graphpad Prism 5.0 software as well as SAS v9.2 and Stata10. Full details are given in the supplemental material.
Nucleotide sequence accession numbers. The sequences determined in the course of this work have been deposited in GenBank under accession numbers JX234575 to JX235332.
RESULTS

Patient characteristics.
Six HLA-B*5701 HIV-1 subtype B-positive men from the OPTIONS cohort (29) at University of California, San Francisco, were selected for this study (Table 1 ). All subjects were monitored from early infection (median time, 3 wpi; range, 10 to 18 wpi) up to 7 years (see Fig. S1 in supplemental material) and for a similar number of weeks (median, 300.5 weeks; range, 177 to 367; Table 1 ) while they remained untreated. At study enrollment, all subjects were at a similar stage of infection: five out of six subjects were Fiebig stage V (antibody test positive but p31 band negative by Western blotting), which typically indicates being within 75 days or less of antibody seroconversion on conventional HIV-1 antibody tests (20) ; the sixth subject (P4) had a positive p31 band (with a less-sensitive EIA standardized optical density of 0.20) which is consistent with being within 90 days of seroconversion (30) .
As expected, all study subjects exhibited lower viral loads (VL) than are usually observed in non-HLA-B57 chronic or rapid progressors (40, 48) , with VL of Յ10,000 copies/ml at baseline and fluctuations mostly between 1,000 and 10,000 copies/ml throughout the study period. Since all patients initiated treatment before the AIDS phase (CD4 ϩ T cell counts of Ͻ200 cells/mm 3 ), classifications based on rate of progression to AIDS could not be applied. However, a large multicenter cohort study has shown that HIV-1-infected subjects with baseline VL of Յ10,000 copies/ml have differential risks of progression to AIDS depending on their baseline CD4 ϩ T cell count (45) . Subjects with Ͻ750 CD4 ϩ T cells/mm 3 are two to five times more likely to develop AIDS in 6 to 9 years. Within the cohort enrolled for the present study, the CD4 ϩ T cell count at baseline was Ͻ750 cells/mm 3 for P1 to P3 but Ͼ750 cells/mm 3 for P4 to P6 (Table 1) . Therefore, in what follows, these two groups of subjects are referred to as high-risk progressors (HRPs) and low-risk progressors (LRPs), respectively. The analyses will show that each group was indeed characterized by clearly distinct immunological and virological patterns (see below). CD4 ϩ T cell counts at baseline (10 to 11 wpi) were significantly different between HRPs and LRPs (P ϭ 0.032 by t test; see Table S1 in supplemental material). LRPs consistently maintained higher CD4 ϩ T cell counts than HRPs throughout the duration of the study period, although the difference was no longer significant at the end, when all patients eventually progressed (see Fig. S1 ). In contrast, VL was not significantly different between the groups either at baseline or at the last sampled time point (see Table S1 ). The CD4 ϩ T cell slope for the HRPs generally was steeper than that for the LRPs (Table 1) , with one exception (P3). This subject, however, displayed the lowest CD4 baseline value (250 cells/mm 3 ) while still fitting the criterion for classification within the HRP group.
Sequence variation in gag p24 HLA-B*5701-restricted epitopes and flanking regions over time. The highest frequencies of HIV-1-specific CD8 ϩ T cells in HLA-B*57 ϩ subjects are typically directed against the Gag protein (49). Therefore, plasma HIV-1 p24 single-genome sequences were obtained over time for HLA-B*5701 LRP and HRP subjects to investigate the interplay between genetic heterogeneity and antigen-specific immune control of virus replication.
Overall, nucleotide diversity in p24 was significantly higher in HRPs than in LRPs (Table 2 ). Six to 13 substitutions were observed between sequence pairs throughout the duration of the study in HRPs, but only 3 to 5 were observed in the LRPs (P ϭ 0.043 by t test). Sequence variation in the four known HLA-B*5701-restricted epitopes, analyzed separately, showed two interesting patterns. First, for both groups of subjects the majority of pairwise substitutions were detected in the flanking regions rather than in the actual epitopes (Table 2) . Second, in the flanking regions LRPs showed a significantly lower number of substitutions than HRPs (P ϭ 0.037). The average number of pairwise synonymous and nonsynonymous substitutions was not significantly different within the HLA-B*5701-restricted epitopes in LRPs compared to HRPs (see Table S2 in supplemental material). Interestingly, however, the substitution frequency was significantly higher in the flanking regions for the HRPs than for the LRPs in the case of both synonymous (P ϭ 0.049) and nonsynonymous substitutions (P ϭ 0.024). The lower frequency of synonymous nucleotide changes in the HLA-B*5701 LRPs is in agreement with an earlier report describing the association between slow disease progression and the synonymous substitution rate of HIV-1, which may be linked to lower replication dynamics (36) .
Specific mutations were mapped directly within p24 HLA-B*5701-restricted epitopes and flanking regions for both HRPs and LRPs (Fig. 1) . Mutation in the QW9 epitope was detected in all HRPs (Fig. 1A) . In subjects P1 and P3, the E312D mutation was present as the major viral population in Ն50% of the sampled time points. In HRP P2, the mutation S310T was detected in all single genomes at all sampled time points. On the other hand, no mutations were detected within the QW9 epitope (QASQEVKNW; Gag 308-316) in any of the LRPs, except from one single genome at one time point in P4 (Fig. 1B) , in which case the mutation, K312D, corresponded to a minor viral variant (4.5%).
Interestingly, subject P1 also was HLA-B*2705 ϩ , but the HLA-B*2705-restricted KK10 epitope was completely conserved in the viral sequences sampled at the first three time points (13 to 168 wpi), while one mutation was detected at the last time point (271 wpi) in only 3 (out of 22) of the sampled sequences. This finding is in agreement with the observation that selection pressure exerted on the virus to mutate the B*27-restricted KK10 epitope usually increases during the late stage of the infection (22) .
Distinct mutation patterns between the two groups of patients were also observed within or upstream of the flanking regions of the epitope TW10 (TSTLQEQIGW; Gag 240-249). Two HRPs, P2 and P3, showed a different pattern consisting of subject-specific mutations T242N and T249X (X ϭ A, E, or R) in TW10 (Fig. 1A) . These two patients also had several mutations in the CypA-binding loop (DRVHPVHAGPIAPGQMRE; Gag 213-230), which increased in frequency over time. There are three known upstream compensatory mutations associated with the T242N mutation (H219Q, I223V, and M228I/L) that restore viral fitness and that are associated with an increase in plasma viral load (8) . Upon closer inspection, there was a progressive increase in these compensatory mutations with increasing plasma viral loads for P3 but not for P2 (Fig. 1A) . In two LRPs, P4 and P6, only the T242N mutation was detected as the major viral population over time (Fig. 1B) .
Mutation patterns within flanking regions of the epitope ISW9 (ISPRITNAW; Gag 147-155) were similar in both LRPs and HRPs. All patients except for P2 had at least one mutation in ISW9. Responses targeting the HLA-B*5701-restricted epitope KF11 (KAFLRPEVIPMF; Gag 167-172) have been previously shown to be quantitatively immunodominant in HLA-B*5701 HIV-infected patients (25, 26, 47, 52) . Interestingly, this sequence was completely conserved to the consensus clade B sequence in four patients, P2 to P5. Two patients, P1 and P6, developed mutations in KF11 during the chronic phase, and at the latest time point the major viral population contained the V168I mutation (Fig. 1) .
Likelihood mapping analysis. Phylogenetic signal and phylogenetic noise in each Gag p24 alignment were quantified by likelihood mapping analysis ( Fig. 2 ; also see Fig. S3 in supplemental material). In general, data sets showed Ͻ40% of the dots in the center of the likelihood maps, indicating a robust signal for phylogeny inference (71) . However, an interesting pattern emerged. HLA-B*5701 subjects classified as HRPs showed consistently less intense star-like signals (13.8 to 16.1%) than LRPs (25.5 to 37.8%). This may be explained by a higher degree of homoplasy in such patients or more constrained mutational pathways, in agreement with the finding that HIV-1 intrahost evolution in LRP subjects was characterized by lower genetic heterogeneity (Table 2) .
Phylogenetic analysis of longitudinally sampled gag p24 sequences. Phylogenetic analyses were carried out to investigate in greater detail HIV-1 evolutionary patterns. Recombination is known to occur at a high rate in HIV-1, and evolutionary inferences based on trees that include recombinant sequences can be severely misleading (68) . Therefore, the identification and removal of eight sequences from subject P4 and two sequences from subject P1 was the initial step in the analysis. Sequences from the last three time points of subject P3 were also excluded, since they originated from several successful recombination events that established a new viral population with increased viral fitness (data not shown), and they were analyzed separately (unpublished data).
Several interesting patterns were evident in the maximum likelihood (ML) trees inferred from the six data sets (Fig. 3) . Overall, the trees showed a staircase-like topology, which is consistent with the emergence of specific viral subpopulations over time through sequential population bottlenecks (27, 67) . A certain degree of intermixing of sequences from different time points was evident, possibly due to archival viruses from infection of cellular reservoirs (6). For each tree, specific amino acid changes were mapped along statistically supported bottlenecks (bootstrap value of Ͼ65% and/or approximate likelihood ratio test, aLRT, P Ͼ 0.75). A closer look at the temporal succession of mutational events along the major bottlenecks of the viral quasispecies infecting LRPs revealed that the changes in TW10 and ISW9 (including upstream position 146) and the CypA-binding loop occurred in a specific order (Fig. 3, right) . In all but one subject (P6), the virus displayed early bottleneck mutations in TW10, but in this subject the T242N escape variant was already present in all sequences since the first sampled time point (Fig. 3F) . On the other hand, viral evolutionary patterns along population bottlenecks appeared to be less constrained in the HRP group and were characterized by the more frequent emergence of variants with amino acid replacements in the CypA-binding loop and/or other flanking regions (Fig. 3, left) . In one subject (P3), the T242N mutation along an early bottleneck reverted later on (Fig. 3C) . The hypothesis that viral mutational pathways were restricted in HLA-B*5701 subjects classified as LRPs was strengthened by the higher degree of homoplasy (star-like signal) displayed in the likelihood maps of this group of patients (Fig. 2) . Selection and molecular clock analysis. The majority of the mutations occurring along the bottlenecks were within HLA-B*5701-restricted epitopes and the CypA-binding loop, suggesting that such mutations were associated with the successful emergence of the new subpopulation after each bottleneck. Significant positive selection at specific sites was tested using different site selection models for all six data sets (Table 3) . Amino acid changes under significant selection, localized in internal branches of the ML trees along major bottlenecks (Fig. 3) , were detected in two HRPs (P1 and P3). In P3, five sites were detected to be under positive selection, the majority of which were within TW10 and the CypA-binding loop (Fig. 3) . In P1, two sites in flanking regions, one in the CypA-binding loop and one just outside the ISW9 epitope, were under positive selection. Neutral genetic drift models could not be rejected for P2 and the three LRP subjects. It is important to note that tests for selection tend to have limited power when applied to regions with low diversity, like p24. Therefore, it cannot be excluded that positive selection was, in fact, driving the evolution of fitter viral variants along most or all of the population bottlenecks observed in each tree. Interestingly, however, molecular clock analysis revealed that the 95% high-posterior-density (95% HPD) intervals of the coefficient of variation (CV) for data sets that did not display significant positive selection included zero. The CV is the evolutionary rate variance (estimated by a Bayesian relaxed molecular clock; see Materials and Methods) scaled by the associated mean. A 95% HPD en-compassing zero is evidence that the strict molecular clock cannot be rejected and suggests that evolution in HLA-B*5701 LRPs is driven by neutral genetic drift (34) rather than by positive selection, as in HRP subjects P1 and P3 (Table 3) . However, failure to reject the strict clock does not necessarily imply that the relaxed-clock hypothesis is false, and the analysis cannot exclude the existence of different evolutionary rates in different parts of the tree driven by different level of selective pressures on different immunodominant epitopes.
HIV-1 intrahost evolutionary rates based on gag p24 longitudinally sampled sequences were compared among different subjects. A clear pattern emerged (Fig. 4) showing significantly faster median rates in HRPs than in LRPs (P ϭ 0.025 by Mann-Whitney U-test). The result strengthened our confidence in the classification of these subjects within two distinct categories and indicated that viral evolution did occur at a lower rate in HLA-B*5701 subjects with a higher CD4 ϩ T cell count at baseline, in agreement with the constrained mutational patterns observed along the viral genealogies (see the previous section).
Polyfunctional HLA-B*5701-restricted CD8 ؉ T cell responses relate to risk of disease progression. The polyfunctional activity of CD8 ϩ T cells that produce multiple secreted effector molecules provides a strong correlate for efficacious control of viremia (2) . Applying a Boolean gating scheme (see Fig. S4 in supplemental material), antigen-specific CD8 ϩ T cell responses were characterized longitudinally against the HIV-1-Gag p55 and p24 region using peptide pools. No statistically significant differences for Gag p55-and p24-specific CD8 ϩ T cells were distinguished between HRPs and LRPs (see Fig. S5 in supplemental material).
Functional diversity among CD8 ϩ T cell responses to the four HLA-B*5701-restricted wild-type epitopes was investigated between the LRPs and HRPs. LRPs displayed a broader functional profile than the HRPs, as demonstrated for responses to TW10 in subject P6 compared to those of subject P2 at I 1 (Fig. 5A) . In general, data from other LRPs and HRPs were consistent among different time points. The LRPs showed a more robust CD8 ϩ T cell polyfunctionality toward the wild-type epitopes (P Ͻ 0.001) (Fig. 5B) . In particular, CD8 ϩ T cells in the LRPs more frequently coexpressed IFN-␥ and MIP-1␤, as well as IFN-␥, MIP-1␤, and IL-2 (Fig. 5C ). In contrast, the CD8 ϩ T cell responses in the HRPs more frequently exhibited the ability to produce IFN-␥ and perforin as well as IFN-␥, MIP-1␤, and perforin (Fig. 5C ). Finally, polyfunctionality was investigated at three different stages (Ͻ1, 1 to 3, and Ͼ3 years since infection) during the course of the disease. In both LRPs and HRPs, a decrease in CD8 ϩ T cell polyfunctionality toward the four HLA-B*5701-restricted wild-type epitopes was observed over time (Fig. 5D) . A decrease in polyfunctionality was found in the HRP group between the first and last time interval (P ϭ 0.015) due to a significant loss of cells producing IFN-␥, MIP-1␤, and IL-2 (P ϭ 0.020), as well as cells producing IFN-␥ and IL-2 (P ϭ 0.033) (data not shown). The same pattern was observed in the LRP group with a decrease in polyfunctionality between the first and second (P ϭ 0.023) and the first and last time interval (P ϭ 0.042). However, LRPs showed tendencies toward a higher polyfunctionality than the HRPs at the first time interval (P ϭ 0.062) and significantly higher polyfunctionality at the second time interval (P ϭ 0.002) (Fig. 5D) . Overall, these results indicate that within the HLA-B*5701 study subjects, LRPs maintained higher CD8 ϩ T cell polyfunctionality during the first 3 years of infection compared to HRPs.
HLA-B*5701-restricted CD8
؉ T cell responses to the TW10 and QW9 epitopes drive immunological differences related to risk of disease progression. The next step was to investigate whether the observed polyfunctional differences between LRPs and HRPs were predominantly driven by specific HLA-B*5701- restricted epitopes. No statistically significant differences were found between the two groups of patients for the wild-type ISW9 and KF11 epitopes, although tendencies toward higher polyfunctionality were observed in the LRPs (Fig. 6A) . Interestingly, however, LRPs showed more robust polyfunctionality than HRPs against the wild-type QW9 (P ϭ 0.005) and TW10 (P ϭ 0.033) epitopes (Fig. 6A) . Increased polyfunctionality was driven by a higher fraction of CD8 ϩ T cells producing IFN-␥, IL-2, and MIP-1␤ simultaneously (Fig. 6B) , which was significantly higher in LRPs than HRPs for both QW9 (P ϭ 0.035) and TW10 (P ϭ 0.024) (Fig. 6C) . Because LRPs and HRPs showed polyfunctionality toward the four HLA-B*5701-restricted wild-type epitopes during the course of infection, the CD8 ϩ T cell responses against the major autologous viral variants (Fig. 2) were investigated. The quality and magnitude of responses against autologous variants for all four epitopes showed a decline in polyfunctionality between the first and last time interval for both HRPs (P ϭ 0.005) and LRPs (P ϭ 0.002), which is in agreement with wild-type-specific responses. There was a significantly higher polyfunctionality in LRPs than HRPs at the first time interval (P ϭ 0.044) (Fig. 6D) . By examining functional combinations, LRPs again showed a higher degree of simultaneous IFN-␥, IL-2, and MIP-1␤ (P ϭ 0.013) production compared to the HRPs (data not shown). This indicates that the CD8 ϩ T cell polyfunctionality toward autologous epitopes was higher in LRPs than HRPs during early infection.
Distinct patterns of IL-2 production and correlation to CD4
؉ T cell count in LRPs and HRPs. The fraction of CD8 ϩ T cells producing single markers toward the wild-type HLA-B*5701-restricted epitopes at each time interval was further investigated. In both HRPs and LRPs, the fraction of CD8 ϩ T cells producing IL-2 consistently declined over time and was significantly lower between the first and last time interval for both groups of patients (Fig. 7A) . The fraction of CD8 ϩ T cells producing IL-2 was significantly higher in LRPs than in HRPs at the first (P ϭ 0.015) and second (P ϭ 0.05) time intervals. Interestingly, a significant correlation was found between IL-2-producing CD8 ϩ T cells in response to wild-type epitopes and CD4 ϩ T cell counts (r ϭ 0.28; P ϭ 0.027) but not VL (Fig. 7B) . The finding suggests that initial CD4 ϩ T cell levels (i.e., Ͼ750 cells/mm 3 ) play an important role in preserving IL-2 ϩ CD8 ϩ T cell responses.
DISCUSSION
Defining correlates of protection is one of the greatest challenges in HIV-1 vaccine design. A mounting body of evidence has shown that HIV-1-specific CD8 ϩ T cell responses mediate immunologic control in HLA-B*5701 subjects with slower progression to AIDS (21, 26, 48, 52, 62) . Most studies have focused on the magnitude and frequency of immune responses in LTNPs/ECs (14, 26, 44) or characterized the emergence of escape mutations within immunodominant epitopes in the Gag p24 region (3, 48) , although ongoing viral intrahost evolution is difficult to characterize due to low viral copy numbers and genetic heterogeneity (54) . However, it is the interplay between HIV-1 evolution and the host immune repertoire that determines the course of disease (42) , and it may be insufficient to focus separately on immunological or evolutionary patterns for correlates of protection.
The present work focused on a unique cohort of six untreated HIV-1-infected subjects, all carrying the HLA-B*5701 allele, 
FIG 4 Median nucleotide substitution rate and 95% HPD intervals of HIV-1
Gag p24 in six longitudinally sampled HLA-B*5701 subjects. Substitution rates are given in nucleotide substitutions/site/year along the x axis and were estimated by Bayesian inference, assuming either a strict or relaxed molecular clock depending on the best-fitting model of each subject (Table 3) . Substitution rates in the HRP group (P1 to P3) are significantly higher (P ϭ 0.025 by Mann-Whitney U-test) than those in the LRP group (P4 to P6). monitored longitudinally from early infection up to 7 years. All subjects had detectable VL during the study period and displayed sufficient phylogenetic signal for a robust evolutionary analysis. Study subjects were classified as HRPs or LRPs on the basis of their VL and CD4 ϩ T cell counts at baseline (10 to 11 wpi). Such a classification is supported by a robust multicenter cohort study of CD4 ϩ T cell counts and VL as prognostic markers of HIV-1 infection (45) . Indeed, the comparison of HIV-1 Gag p24 evolutionary dynamics, as well as multifunctional CD8 ϩ T cell responses, between HRP and LRP subjects clearly showed distinct virological and immunological patterns.
HLA-B*5701 subjects with a baseline of Ͼ750 CD4 ϩ T cells/ mm 3 (LRPs) were characterized by the gradual emergence of variants during sequential population bottlenecks (18, 53, 75) along restricted pathways. No mutants were detected in the QW9 epitope, possibly due to strong purifying selection, while mutations in ISW9, TW10, and CypA appeared to be driven by genetic drift rather than positive selection. Most importantly, HIV-1 p24 evolution appeared to follow a strict molecular clock, further evidence of neutrality, with a significantly lower evolutionary rate in LRPs than HRPs. Subjects with low baseline CD4 ϩ T cell counts (HRPs) displayed viral quasispecies evolving along less constrained mutational patterns, characterized by a relaxed molecular clock, higher median evolutionary rates, more changes in flanking regions, and the eventual emergence of QW9 variants, driven (at least in two patients) by positive selection. Viral escape and compensatory mutations in the TW10-restricted epitope and the CypA-binding loop region were detected in all six patients. These mutations disrupt critical interactions with the host protein CypA that result in a reduction in viral replicative capacity (7) and may be partially restored by compensatory substitutions in flanking regions (8) . In agreement with the general findings of this study, the highest number of compensatory mutations was again observed in the two progressing patients that had the lowest CD4 ϩ T cell counts later in infection.
The evolutionary findings could be explained by the parallel observation that polyfunctional CD8 ϩ T cell responses toward wild-type HLA-B*5701-restricted epitopes, especially during the first and second time interval (up to 157 wpi), were significantly higher in LRPs. Polyfunctional CD8 ϩ T cell responses coproducing IFN-␥, MIP-1␤, and IL-2 toward QW9 and TW10, as well as the fraction of IL-2-producing CD8 ϩ T cells, in response to wildtype epitopes were significantly higher in LRPs. Finally, CD8
ϩ T cell responses coproducing IFN-␥, MIP-1␤, and IL-2 toward autologous epitopes were also significantly higher in LRPs at the first time interval early in infection. In other words, our results indicate that HIV-1 evolution in HLA-B*5701 patients with a high baseline CD4 ϩ T cell count was constrained by polyfunctional CD8 ϩ T cell responses with a maintained ability to coproduce IL-2. This notion is strengthened by a significant positive correlation between the fraction of IL-2-producing CD8 ϩ T cells and CD4 ϩ T cell count, which in turn could be associated with a lower viral evolutionary rate and risk of disease progression. Several studies have underlined the important role of IL-2-producing CD8 ϩ T cell functional subsets to mediate protective immunity at different stages of infection (12, 41, 43) . In a recent review, Makedonas and Betts (42) suggest that IL-2 production enhancement of a central memory-type profile is necessary to maintain a healthy antiviral CD8 ϩ T cell population. Interestingly, IL-2 production by polyfunctional CD8 ϩ T cells has been linked to proliferative capacity (5, 12, 80) , ability to upregulate perforin (50, 51) , and enhanced viral suppression in chronic HIV-1 controllers (1). Taking these findings together, it is likely that differing capacities of CD8 ϩ T cells in LRPs versus HRPs to produce IL-2 would also influence their cytotoxic activity after proliferation and, in turn, the immune pressure on the virus. However, this has not directly been evaluated in our study, and it has also been proposed that mechanisms other than cytotoxicity could be exerting immune pressure during acute infection (19) .
Overall, the findings suggest that polyfunctional CD8 ϩ T cell responses with specific functional profiles are the cause of different viral evolutionary rates in HLA-B*5701 subjects with different baseline CD4 ϩ T cell counts. However, we do recognize that constrained HIV-1 evolution could be the result of other immunologic events which subsequently affect CD8 ϩ T cell polyfunctionality. In particular, the role of individual responses restricted by alleles other than HLA-B*5701 cannot be excluded. It should also be noted that even though we included more HLA-B*5701 patients than in previous studies, our sample size remains small. Therefore, the lack of significance for some of the comparisons might be due to a lack of statistical power.
While no single function of HIV-1-specific CD8 ϩ T cells explains control of HIV-1 replication, evolution, or overall disease progression (42) , CD8 ϩ T cell polyfunctionality provides a measurable correlate of control in HIV-1 infection (2, 5) . The course of HIV-1 disease most likely is determined by interaction between viral replication immediately after infection and the host immune response (23) , both innate and adaptive (42) . It has also been shown that disease progression is better defined by the presence of HLA-B*57-restricted HIV-specific CD8 ϩ T cell responses after primary infection (14) . Unfortunately, samples for these patients were only available at 10 to 18 wpi, following the earliest events of acute infection. Nonetheless, significant differences in the HLA-B*5701-specific CD8 ϩ T cell responses between LRPs and HRPs were clearly observed relatively early in infection (during the first time interval, 13 to 39 wpi). This difference suggests a link between the ability of the immune system to constrain HIV-1 evolution along restricted mutational pathways and a longer persistence of high CD4
ϩ T cell counts in the LRPs. Previous studies have failed to find a correlation between the development of specific escape mutations and disease progression (18) . This is, perhaps, not surprising if we consider the combinatorial explosion of possible mutations within HLA-restricted epitopes, which may contribute to immune escape, and in flanking regions, which may compensate for reduced viral fitness. Moreover, it cannot be excluded that additional mutations outside the Gag region also contribute to the successful propagation/survival of the viral quasispecies.
In conclusion, the present study provided insights into the roles of polyfunctional CD8 ϩ T cells and IL-2-producing T cells in constraining the tempo and mode of HIV-1 evolution in HLA-B*5701 subjects. This suggests that these biomarkers provide additional measures of risk for disease progression, including both viral evolutionary dynamics and host immune responses, that are essential for the development of an effective vaccine (42) . The study also demonstrates the power of a multidisciplinary approach that combines evolutionary and immunological data to understand hostpathogen interactions and dynamics of HIV-1 pathogenesis, which could be expanded to other fast-evolving viruses.
